17 X-band-radar-based quantitative precipitation estimation (QPE) system is increasingly 
Introduction

42
Urban flash flooding is one of the most severe hazards in cities (Schmitt et al., 2004; 43 Yang et al., 2015a) . Large coverage of impervious surfaces in cities will exaggerate the 44 flooding since heavy rainfall is more likely to transform into runoff instead of 45 infiltrating into the soil. To mitigate its detrimental effects, accurate prediction of runoff 46 at high spatiotemporal resolution is critical for emergency management and warning 47 operations. When conducting the hydrological and/or hydraulic simulations, the 48 spatiotemporal variability of rainfall is known to be the major source of a range of 49 uncertainties (Schellart et al., 2012; Schröter et al., 2015; Rafieeinasab et al., 2015; 50 Rico- Ramirez et al., 2015) , which thus warrants compelling need for high-resolutions 51 rainfall data (Schilling, 1991; Emmanuel,et al, 2012; Eldardiry et al., 2015) .
53
Weather radars have been worldwide recognized as essential tools to provide high-54 resolution rainfall measurements (Smith and Krajewski, 1991; Krajewski and Smith, 55 2002; Li et al., 2014; Li et al., 2015) . The current operational weather radar systems 56 (e.g., NEXRAD in America, OPERA in Europe) based on C-band and/or S-band radars 57 operating on long-range coverage. However, their spatiotemporal resolutions of 1 58 km/5-10 min are insufficient to support accurate estimations of precipitation variability 59 in urban area (Krajewski et al., 2002; Smith et al., 2007) . For instance, recent studies 60 suggest that for urban areas less than 1 ha, rainfall input is required at the spatial 61 resolution of ~100 m; while for urban areas between 1 ha and ~100 ha, the required 62 resolution is relaxed to 500 m (Faures et al., 1995; Berne et al., 2004) . Considering the 63 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -388, 2016 Manuscript under review for journal Atmos. Meas. Tech. Published: 12 December 2016 c Author(s) 2016. CC-BY 3.0 License.
high utility in monitoring rainfall in urban area, X-band radars are being deployed in a 64 number of hydrometeorological applications (Chen and Chandrasekar, 2015) .
66
Prior to the application of radar-based rainfall product in hydrological simulations, 67 quantitative precipitation estimation (QPE) systems are mandatory to be established,
68
where multiple error sources should be appreciated (e.g. Krajewski and Smith, 2002;  69 Villarini and Krajewski, 2010) . One of the error sources is associated with the 70 reflectivity measurement, which can be attributable to mis-calibration, beam blockage, actual rainfall fields at the ground level (Fabry et al., 1994; Liu and Krajewski, 1996; 87 Sandford., 2015; Seo and Krajewski, 2015) . Usually the wind drift is ignored for the S-88 band and C-band radars due to their relatively coarse spatial resolution. However, this 89 effect can be remarkable for X-band radars given its high spatial resolution of ~100 m,
90
in particular under windy conditions that are common for convective rainfall events 91 (Sandford, 2015; Seo and Krajewski, 2015) . As such, errors due to the wind drift should 92 be appreciated in the application of X-band radars in urban hydrometeorology.
94
In order to improve the quality of X-band radar based QPE systems in urban 95 hydrometeorological applications, different procedures have been explored to reduce 96 the aforementioned errors. Current research on X-band radar shows that using the 97 differential phase shift can reliably resolve the attenuation which is the primary 98 disadvantage of X-band radar (Anagnostou et al., 2004 (Anagnostou et al., , 2006a Park et al., 2005;  The paper is organized as follows. Section 2 describes the study area and the dataset.
136
Section 3 details the correction procedures for common error sources and wind drift in 
Study Area and Data Description
143
Beijing, the capital city of China with more than 21 million residents, features complex 144 topography, with mountains to its north and west and a highly urbanized area in its 145 eastern part. Beijing is prone to summertime heavy rainfall events that occasionally 146 lead to severe flash floods (Yang et al., 2014b) .
148
The dataset used in this study consists of one-year measurements by a single-polarized 149 X-band radar (Fig. 1a , hereafter referred as Beijing Radar) in the northwest of Beijing.
150
Technical specifications of the Beijing X-band radar are given in 
Procedures for common error corrections
171
The common errors introduced in reflectivity measurement are mostly due to radar should be conducted to cancel the possible aging and thermal effects (Collier, 1989) .
184
Among all the available calibration approaches (Manz et al., 2000) , calibration with 185 disdrometer data would be the most straightforward one (Lee and Zawadzki, 2006) .
186
With the help of a nearby disdrometer (cf. Fig. 2 for its location), Beijing Radar is 187 calibrated by comparing the radar measurements with disdrometer measurements.
188
The disdrometer-based estimate of Z can be expressed as (Delrieu et al., 1999) :
where λ is the operational wavelength of the radar (3.21 cm in this study), |K| ground close to the radar site as well as by fixed objects (Villarini and Krajewski, 2010 For a well calibrated radar without blind-range attenuation (e.g. radome attenuation),
235
its measured reflectivity Zm can be expressed as: Meanwhile the relationship between the true reflectivity Z and the specific attenuation 241 k can be given by:
where c and d are the DSD related parameters. Therefore, by canceling k, the 243 relationship between ( ) and ( ) can be obtained as follows:
where the parameters c and d can be determined by Z-k regression (Eq.3) with 245 distrometer measurements. To avoid the numeric instability known in the HB algorithm,
246
a maximum PIA of 10 dB is specified in this study.
248
Also, knowing the DSD, k can be calculated by:
where to September 2015 without differentiating rainfall types (Fig. 4) In this study, the starting integral elevation, or the lowest optimal elevation, for a 268 specific azimuth range is determined as the lowest elevation that at which the beam 269 blockage of all ranges in this azimuth range must be less than 50% (cf. Fig. 2 With the volume scan reflectivity measurements, VIL can be obtained by:
where VILpar = LW ⋅ DB denotes the VIL within the k th tilt with LW (kg km −3 ) and Once the knowledge of VIL is obtained, the reflectivity pixels can be categorized into 294 stratiform with VIL < 6.5 kg m −2 and convective with VIL ≥ 6.5 kg m −2 . 
Derivation of local Z-R relationships
297
The standard Z-R relationships are Z = 200 R 1.6 and Z = 300 R 
where w(h) is the falling speed at height h and hb is the height of the radar beam at the 321 measurement location. And u(h) is given by:
where S is a constant wind shear (Caroline, 2015) .
323
By assuming a zero wind speed at the ground level, the wind shear S can be calculated 324 by:
Given the constant falling speed of 5 m s -1 for raindrops blow the melting layer
326
(Caroline 2015), the Eq. (12) thus can be simplified as:
Furthermore, (ℎ ) can be determined by a pixel-based tracking algorithm for short-328 term quantitative rainfall forecasting (Zahraei et al., 2012 Furthermore, to quantify the correction effectiveness so that get the relative importance 348 of different error sources contributing to the overall errors, the radar-gauge ratio of daily 349 accumulated rainfall rd, average radar-gauge ratio of total rainfall ra, the root-mean-
350
square error RMSE, and the coefficient of determination r 2 are introduced as follows:
where the subscript i and k denote the date number and gauge number, respectively; 352 while the radar-based estimates R and gauge measurements G with n and N denoting To reduce the bias in the radar-gauge comparison, 33 events, during which at least three rainfall. This result is comparable with that of the X-band radar at the Delft University
368
(cf. a linear radar-gauge regression slope of 0.65 reported in Van de Beek et al. (2010) ).
370
The influence of the PC procedure on the rainfall estimates is then examined by 371 comparing the above metrics between the radar-based estimates and gauge 372 measurements during the study period (Table 3 and Fig. 8 ). Correction for anomalous
373
propagations contributes a minimal improvement in the rainfall estimates (Fig. 8a) 374 because this correction may reduce the estimated reflectivity and thus the rainfall. in terms of both ra and RMSE (Fig. 8b) . As expected, the largest improvement is 379 resulted from the beam integration as indicated by the reduced RMSE (cf. RMSE from 380 3.18 for -BI to 1.95 for CC in Table 3 ) and by the increased coefficient of determination 381 r 2 for the radar-gauge linear regression (cf. from 0.54 to 0.76 in Fig. 8c ). The increased 382 deviation for no beam integration suggests that larger ra (cf. 0.87 for -BI in Table 3 ) is 383 actually the results of offset of positive and negative deviations.
385
Furthermore, significant improvements are observed in the estimated rainfall when the 386 variability in the DSD is taken into account: both the convective-stratiform 387 classification and the local Z-R relationship derivation contribute to increases in ra and 388 decreases in RMSE (Table 3) . Such improvements are also demonstrated by the 389 increases in the slope of radar-gauge linear regression ( Fig. 8d and e) . Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -388, 2016 Manuscript under review for journal Atmos. Meas. The event originated from low pressure system passing over Beijing from southwest 407 towards northeast, where a high pressure zone resided over the urban area of Beijing.
408
Taking an episode of ~30 min for instance, several convective cells rapidly grew in the 409 southwest of Beijing ( Fig. 9a and b) , then quickly moved to northeast (Fig. 9c) , and 410 developed to a widespread precipitating system afterwards (Fig. 9d) .
412
The influence of the wind drift correction on the hourly rainfall estimates is then 413 examined by a radar-gauge linear regression (Fig. 10) after the wind drift correction (Fig. 11) . It is also noteworthy that the wind drift 2) The greatest improvements in the radar based rainfall estimates can be attributed to 3) The DSD-related corrections (i.e., convective-stratiform classification and local Z- Figure 3 The relationship between radar-measured reflectivity and distrometer-644 estimated reflectivity. 
